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Matrix-assisted laser desorption/ionization-collision induced dissociation (MALDI-CID) has 
been employed for the analysis of poly(alkyl methacrylate)s in a tandem hybrid sector-time of 
flight instrument. Spectra are shown for adducts of poly(ethyl methacrylate) and poly(butyl 
methacrylate) with sodium ions. It is proposed that the masses of the end groups may be 
inferred from the data for the polymers. Mechanisms are proposed for the formation of some 
of the series of ion peaks that are observed in the MALDI-CID spectra. (J Am Soc Mass 
Spectrom 1997, 8, 1206-1213) © 1997 American Society for Mass Spectrometry 
M 
atrix-assisted laser desorption/ionization- 
time of flight (MALDI-TOF) mass spectrome- 
try has been shown to be useful for character- 
izing the end groups of polymers [1-4]. This is typically 
for oligomers with masses of less than 10 kDa as a 
consequence of the limitations in both the mass accu- 
racy and the observed resolution of the technique. The 
combined masses of the end groups may be inferred 
from the data [4]. This technique is limited by the mass 
accuracy for the molecule ions of the oligomers, which 
is typically in the region of 0.03%-0.1%, depending on 
the calibration procedure. Improved mass accuracy, 
approximately 0.01%, may be obtained by using time- 
lag focusing MALDI for the end group analysis of 
synthetic polymers with an external mass calibration 
[4]. This means that the mass of an oligomer, and 
therefore the combined mass of the end groups, may be 
determined to within approximately 0.1 Da at mass 
1000 Da, as the mass of the monomer epeat unit and 
the cation is normally known. It has recently been 
shown, however, that the masses of both end groups of 
some polymers may be determined from the series of 
intense fragment ion peaks that are seen in the liquid 
secondary ion-tandem mass spectrometry (LSI-MS/ 
MS) [5] and MALDI-collision induced dissociation 
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(CID) [6] spectra. The latter technique has advantages 
over the former as data may be obtained from precursor 
ions with higher mass-to-charge (re~z) ratios and 
MALDI is less sensitive to the end groups of polymers. 
This is possibly due to more facile losses of some end 
groups by means of LSI ionization [6]. 
The determination of end groups from poly(methyl 
methacrylate) (PMMA) polymers by means of MALDI- 
CID has recently been shown [6]. MALDI-CID spectra 
were obtained, with equal success, for PMMA polymers 
with different end groups. Two series of intense frag- 
ment ion peaks were observed in the spectra, from 
whence the masses of both end groups of the polymers 
could be inferred. In this study, MALDI-CID is used for 
the determination of end groups from other poly(alkyl 
methacrylate)s (1,where R' and R" are the end groups 
of the polymer), namely poly(ethyl methacrylate) 
(PEMA) and poly(butyl methacrylate) (PBMA), where 
R is an ethyl or a butyl group, respectively. Mechanisms 
are proposed that account for some of the other series of 
ion peaks that are observed in spectra from PMMA, 
PEMA, and PBMA polymers. 
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Experimental 
Mass Spectrometry 
MALDI-CID experiments were performed in an Auto- 
Spec 5000 orthogonal acceleration (oa)-TOF (Micro- 
mass, Manchester, UK) tandem mass spectrometer 
equipped with a MALDI source. This hybrid sector-oa- 
TOF instrument has been described in more detail 
elsewhere [7, 8]. The nitrogen laser (), = 337 nm) was 
operated at a pulse rate of 10 Hz in the MALDI source. 
The laser energy per pulse was approximately 80/~J in 
these experiments. The precursor ions, accelerated by a 
voltage of 8 kV, were selected by MS-1 [double focusing 
(EBE) mass spectrometer]. The precursor ion resolution 
was approximately 1500 (10% valley definition). These 
ions were decelerated to an energy of 800 eV and 
focused into the collision cell. The precursor ion beam 
intensity was attenuated by approximately 70% by 
using xenon as the collision gas. Ions exiting the colli- 
sion cell were directed into the oa-TOF analyzer (MS-2). 
The voltage pulse applied to the oa-TOF is automati- 
cally timed to coincide, because of the pulsed nature of 
the MALDI technique, with the time at whence the 
packet of precursor and product ions are passing 
through the orthogonal acceleration chamber. The 
product ions (resolution approximately 500) are de- 
tected by the microchannel p ate detector, which has a 
total length of 150 ram. The full product ion spectrum 
was therefore recorded by MS-2. All data were pro- 
cessed by means of the OPUS software. The number of 
laser shots that were averaged to obtain a spectrum 
ranged from approximately 5000 to 30,000. 
Sample Preparation 
The PBMA A, PBMA B, and PEMA A standards were 
obtained from Viscotek (Basingstoke, UK) and used 
without further purification. The most probable mass or 
peak average molecular weight (Mp) and polydisper- 
sity values of these polymers, which are estimated by 
the manufacturer by using GPC, are 1550 and 1.10 for 
PBMA A, 3670 and 1.08 for PBMA B, and 1840 and 1.08 
for PEMA A. Dithranol (1,8-dihydroxy-9[10H]-anthra- 
cenone) and 1,1,1,3,3,3-hexa-fluoro-iso-propanol (HFIP) 
were purchased from Sigma Chemical company (St. 
Louis, MO), sodium iodide was from BDH Ltd. (Poole, 
UK), and analytical grade acetone was from Fisher 
Scientific (Loughborough, UK). 
Dithranol was the matrix of choice for all MALDI- 
CID experiments. Abundant ion signals were observed 
in the MALDI-TOF spectra of PMMA polymers when 
this matrix was used [4, 9]. All solutions were prepared 
at a concentration of 10 mg mL -1. Approximately 0.2 
/~L of a solution of sodium iodide in acetone was 
applied to the sample stage before deposition of the 
sample and matrix for analysis of all poly(alkyl methac- 
rylate)s. The sample and matrix were both dissolved in 
HFIP. The sample and matrix solutions were mixed in a 
1:10 ratio (v/v) prior to deposition of approximately 0.5 
~L on the sample stage. 
Results and Discussion 
MALDI-CID of Poly(Ethyl Methacrylate) 
Relatively intense ion peaks have been seen in the 
MALDI-TOF spectra of many PMMA [4, 10-13] and 
poly(butyl methacrylate) (PBMA) [14] polymers. Abun- 
dant ion currents are also generated for another poly- 
(alkyl methacrylate) polymer, poly(ethyl methacrylate) 
(PEMA), by MALDI. This polymer has a repeat unit 
mass of 114.1 u, where R (1) is an ethyl group. The 
MALDI-CID spectrum of the molecule ion, [M + Na] + 
with m/z 1607, of the 13-mer of PEMA A is shown in 
Figure la. PEMA A is a polymer of low polydispersity 
that was made by group transfer polymerization, as 
described previously [15]. Only one series of fragment 
ions (m/z 124, 238, 352, and 466) is observed in the 
spectrum that may result from direct cleavage of the 
polymer backbone. This series is labeled A/B in Figure 
la. The ions are formed by cleavage of the backbone, 
adjacent to a tertiary carbon, of the polymer chain with 
charge retention (Na +) at the portion containing that 
carbon. These cleavages of the molecule ion of the 
polymer are represented schematically in Figure lb. It 
can be seen that one series of ion peaks is observed in 
the spectrum because the fragment ions arising from 
cleavage at either end of the molecule ion have the same 
m/z ratios. These fragment ions are generated by 
cleavage at the analogous ite of the molecule ion of 
PEMA A as that for poly(methyl methacrylate)s, as
described previously [5, 6]. These ions are merely a 
portion of one end of an oligomer, with the end group 
attached, and a sodium ion. It may therefore be pre- 
dicted that for PEMA polymers which have different 
end group structures, the m/z ratios of the two series of 
fragment ions may be used to infer the masses of the 
end groups. These will appear at m/z [M(R") + 
114n + 100 + Na] and [M(R') + 114n + Na] for the 
A and B series, respectively, where M(R') and M(R') 
are the masses of the end groups R" and R', respec- 
tively, of the PEMA polymer (1) and Na is the mass of 
the sodium ion (Na+). 
Another three prominent series of fragment ion 
peaks are seen in the MALDI-CID spectrum of PEMA 
A, which are labeled C/E, D/F,  and G in Figure la. 
These ion peaks are observed at m/z ratios of 237 + 
114n, 179 + 114n, and 137 + 114n, respectively. The 
C/E and D/F  series of peaks are more intense at higher 
m/z ratios whereas the G series is dominated by a peak 
at m/z 137, with peaks of much lower intensities at 
higher m/z ratios. Structures of these ions will be 
discussed below. 
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Figure 1. (a) MALDI-CID spectrum of [M + Na] +, m/z 1607, of the 13-mer of PEMA A. The A/B 
series are observed at m/z ratios of 124 + 114n, where n is 0-2. The G series is seen at m/z ratios 
of 137 + 114n, where n is 0-5 (inset-expansion of m/z 350-1580. The C/E and D/F series are 
observed at m/z ratios of 237 + 114n and 179 + 114n, respectively, where n is 2-11). (b) Proposed 
fragmentation pathways of [M + Na]-, m/z 1607, of the 13-mer of PEMA A showing how the A and 
B series may be used to infer the masses of the end groups of the polymer. All of the observed 
fragment ions retain the cation (Na+). 
MALDI-CID of Poly(Butyl Methacrylate) 
The MALDI-CID spectrum of the molecule ion of the 
9-mer of PBMA A, [M + Na] + with m/z 1403, is shown 
in Figure 2a. This PBMA polymer has a low polydis- 
persity (1.10) and was generated by  group transfer 
polymerization as described previously [15]. Two in- 
tense series of fragment ion peaks, which are separated 
by the mass of the repeat unit of the polymer, (142.2 u), 
labeled A and B in Figure 2a, may again be discerned at 
low m/z ratios (below m/z 300). The m/z ratios of 
these peaks may be used to infer the masses of the end 
groups of the polymer, as shown schematically in 
Figure 2b. These odd electron ions are again proposed 
to be formed by direct cleavages of the polymer back- 
bone at a tertiary carbon with charge retention (Na ÷) at 
the side of the chain containing that carbon. 
Two series of ion peaks (labeled A and B), with the 
same m/z ratios, are observed in the MALDI-CID 
spectrum from the molecule ion of the 25-mer, [M + 
Na] + with m/z 3677, from another PBMA polymer, 
PBMA B (Figure 3a). This polymer has a higher average 
molecular weight than PBMA A but the end groups are 
the same. Figure 3b indicates how the m/z ratios of the 
ion peaks of the A and B series may be used to infer the 
masses of the end groups of PBMA B. It is proposed that 
the A and B series will appear at m/z [M(R')  + 142n + 
128 + Na] and [M(R')  + 142n + Na] for other PBMA 
polymers that have end groups R" and R'  (1), with 
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Figure 2. (a) MALDI-CID spectrum of [M + Na] +, m/z 1403, of the 9-mer of PBMA A. The A and 
B series are observed at m/z ratios of 124 + 142n and 152 + 142n, respectively, where n is 0-1. The 
G series is seen at m/z ratios of 165 + 142n, where n is 0-6 (inset-expansion of m/z 300-1370. The 
C, D, E, and F series are observed at m/z ratios of 265 + 142n, 207 + 142n, 293 + 142n and 179 + 
142n, respectively, where n is 1-7). (b) Proposed fragmentation pathways of [M + Na] +, m/z 1403, 
of the 9-mer of PBMA A showing how the A and B series may be used to infer the masses of the end 
groups of the polymer. All of the observed fragment ions retain the cation (Na+). 
masses M(R ' )  and M(R ' ) ,  respectively. The masses of 
the end groups of PBMA A and PBMA B are 101 u for 
R' and I u for R' .  The calculated masses for the A and 
B series are within m/z 0.1 of the exper imental  values. 
The signal-to-noise ratios are very high for the frag- 
ment ions seen in the MALDI-CID spectrum of PBMA 
B, especial ly when considering the m/z ratio of the 
precursor ion. This indicates that f ragment ion spectra 
may be acquired from precursors of PBMA polymers  
with even higher m/z ratios. Intense fragment ion 
peaks were observed in the MALDI-CID spectrum from 
a precursor ion of approx imate ly  m/z 4500, from a 
PMMA sample of low polydispers i ty  [6]. This is the 
highest mass o l igomer of a poly(alkyl  methacrylate) 
that has, at present, been analyzed by  means of MALDI-  
CID. Similar abundances of f ragment ions were gener- 
ated from all three poly(alkyl  methacrylate) po lymers  
studied in these and other [6] experiments.  
It has been noted in a previous s tudy of po ly(methyl  
methacrylate) po lymers  [6], that the average mass of the 
envelope of abundant  series of ion peaks is shifted to 
higher m/z ratios when the m/z ratio of the precursor 
ion is increased. This phenomenon was also observed in 
the spectra obtained for poly(alkyl  methacrylate)s in
these experiments. Further discussion of these f indings 
is beyond the scope of this paper  and will  be deve loped 
in a later article [16]. 
Five other series of ion peaks, which are separated in 
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Figure 3. (a) MALDI-CID spectrum of [M + Na] +, m/z 3677, of the 25-rner of PBMA B. The A and 
B series are observed at m/z ratios of 152 + 142n and 124 + 142n, respectively, where n is 0-4. The 
G series is seen at m/z ratios of 165 + 142n, where n is 0-5 (inset-expansion of m/z 1370-2820. The 
C, D, E, and F series are observed at m/z ratios of 265 + 142n, 207 + 142n, 293 + 142n, and 179 + 
142n, respectively, where n is 3-23). (b) Proposed fragmentation pathways of [M + Na] +, m/z 3677, 
of the 25-mer of PBMA B showing how the A and B series may be used to infer the masses of the end 
groups of the polymer• All of the observed fragment ions retain the cation (Na+). 
m/z ratios by  the mass of the po lymer  repeat unit, 
labeled C, D, E, F, and G in Figures 2a and 3a, are also 
observed in the MALDI-CID spectra from both PBMA 
A and PBMA B. These peaks are seen at m/z 265 + 
142n, 207 + 142n, 293 + 142n, 179 + 142n, and 
165 + 142n, respectively. 
The ion peaks of the C, D, E, and F series are again 
more intense at higher m/z ratios. The C and E series 
are observed, in the MALDI-CID spectra of PEMA and 
PBMA, at m / z ratios that are consistent with formation 
by 1,5-hydrogen rearrangements,  similar to that pro-  
posed for PMMA polymers  [5]. The ion peaks of the 
C /E  series, observed in the MALDI-CID spectrum of 
PEMA A (Figure la), may be formed by rearrangements 
with charge retention at either end of the po lymer  
chain, as the m/z ratios of the fragment ions formed by 
these reactions are coincident. The m/z ratios of the ion 
peaks of the D and F series are 86 less than that of the 
C and E series, respectively, for PBMA. The ions of the 
D/F  series are observed at m/z ratios, which are 58 less 
that that of the C /E  series in the MALDI-CID spectrum 
of PEMA A. This m/z difference may not be accounted 
for by  the loss of carbon dioxide from the E and C series 
of ion peaks, as previous ly  proposed for PMMA [5]. An  
alternative xplanat ion for the formation of the ions of 
the C, D, E, and F series is offered below. 
The odd m/z ratios of the ion peaks from the G 
series indicates that they are formed by rearrangement 
processes rather than direct cleavages, even though the 
latter processes have been shown to be general ly more 
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prominent at low mass-to-charge ratios whereas the 
ions formed by rearrangement processes often occur at 
higher mass-to-charge ratios [5, 6]. This series is domi- 
nated by the peak at m/z 137 for PEMA A and m/z 165 
for both PBMA A and PBMA B. The base fragment ion 
peak is that at m/z 165 in the MALDI-CID spectrum of 
PBMA A. The intensities of the other peaks in the series 
are lower at higher mass-to-charge ratios, which is 
consistent with these ions being generated by two 
rearrangement reactions from the molecule ion of the 
polymers. The mass-to-charge ratios of these ion peaks 
points to the ions not containing either end group. Ion 
peaks were observed at m/z 123 + 100n in the CID 
spectra from PMMA polymers with different end 
groups [5, 6]. The most prominent ion peak in this series 
was always m/z 123 and the ion peaks were generally 
more intense at lower mass-to-charge ratios (lower 
value of n). The difference between the mass-to-charge 
ratios of these ion peaks and those of the G series, seen 
in the MALDI-CID spectra from PEMA A, PBMA A, 
and PBMA B, is equivalent to multiples of the difference 
in the masses of the repeat unit of these polymers. For 
example, the difference is only m/z 28n inbetween the 
ion peaks observed in the spectra from PEMA A and 
PBMA A or PBMA B, which is equivalent to the increase 
in the mass of the polymer epeat unit (28 u). 
Another intense fragment ion peak, at a mass-to- 
charge ratio that is 56 less than that of the precursor ion, 
is observed in the MALDI-CID spectra of PBMA A and 
PBMA B. This fragment is proposed to arise as a 
consequence of a loss of butene from the precursor ion. 
A fragment ion, corresponding to loss of ethene, is seen 
in the MALDI-CID spectra of poly(ethyl methacrylate)s 
at a mass-to-charge ratio that is 28 less than that of the 
precursor ion. This ion is, however, observed at a lower 
relative intensity than that for the loss of butene from 
poly(butyl methacrylate)s. These losses are presumed to 
be from the side chains of the oligomers. Multiple losses 
of these groups are not observed in the MALDI-CID 
spectra. No analogous loss of an alkene is observed in 
the spectra from poly(methyl methacrylate)s [6], as 
methylene is not a stable neutral species. 
Rearrangement Ions Observed in MALDI-CID 
Spectra of Poly(AlkyI Methacrylate)s 
Although the formation of the C and E series of ion 
peaks from poly(alkyl methacrylate)s may be ade- 
quately described by the mechanism described previ- 
ously for PMMA polymers [5], the loss of carbon 
dioxide from ions of these series may not be used to 
account for the generation of the D and F series from 
poly(ethyl methacrylate)s and poly(butyl methacry- 
late)s. The formation of ion peaks in all four of these 
series can be described, however, by two mechanisms 
that both involve 1,5-hydrogen rearrangements, with 
six membered ring intermediates, to enable losses of a 
side chain from the molecule ion of the polymers with 
Na 
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Scheme I. Proposed mechanism for generation ofthe C and D 
series from poly(alkyl methacrylate)s. 
concurrent cleavage of the backbone. These proposed 
mechanisms are shown in Schemes I (C and D series) 
and II (E and F series). These mechanisms account for 
the generation of all of the ion peaks labeled C, D, E, 
and F for PEMA A, PBMA A, and PBMA B. Peaks were 
also observed at consistent mass-to-charge ratios in the 
CID spectra obtained from other PMMA polymers [5, 
6]. 
Fragment ions that were observed in time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) spectra 
of poly(alkyl methacrylate)s, with the same mass-to- 
charge ratios as that of the C, D, E, and F series, were 
proposed to be formed by means of homolytic leavage 
of a side chain followed by main chain scission [17, 18], 
as opposed to the concerted mechanism that is pro- 
posed above. It should be noted, however, that the 
SIMS and MALDI-CID experiments are very different, 
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Scheme II. Proposed mechanism for generation of the E and F 
series from poly(alkyl methacrylate)s. 
both in time-scales and the amount of energy that is 
deposited. The SIMS ionization process deposits a 
much higher average amount of energy into the poly- 
mer ion and the radical reactions, as these are higher 
energy processes, are more likely to occur in the SIMS 
over the CID event. The intact polymer ions that are 
formed are also different. The ions of poly(alkyl 
methacrylate) polymers generated by SIMS are nor- 
mally negative ions [17] or ion cationized with silver 
ions [18] whereas the precursor ions in the MALDI-CID 
experiments are cationized with sodium ions. The con- 
certed mechanism proposed here is felt to be more 
appropriate due to the lower energy barriers that would 
be involved in this fragmentation process. 
The proposed structure for the ion peaks of the G 
series, observed in the MALDI-CID spectra of all the 
poly(alkyl methacrylate)s used in these experiments 
and previous tudies [5, 6], is shown below. These ions 
could be formed by 1,5-hydrogen rearrangements, 
again via six membered ring intermediates, from ions of 
the C and E series. The increased intensity of peaks at 
Na 
H3C H3C 
I E 
- -  I 'x L 
O~C O~C 
RO RO 
G 
m/z (123) + (100)x for R = CH3 
m/z (137) + (114)x for R = C2H5 
m/z (165) + (142)x for R = C4H9 
lower mass-to-charge ratios is consistent with these 
mechanisms, as two rearrangement reactions are re- 
quired to generate the ions. 
Conc lus ions  
It has been proposed that end group information may 
be inferred from the MALDI-CID spectra of all the 
poly(alkyl rnethacrylate)s employed in this study. The 
two series of ion peaks (labeled A and B in the MALDI- 
CID spectra shown above), from which end group 
information may be obtained, are easily discerned as 
they are very intense in the CID spectra and are 
separated by a mass-to-charge ratio that is equivalent to 
the mass of the repeat unit of the polymer. The ion 
peaks of the G series are also always intense at low 
mass-to-charge ratios in the MALDI-CID spectra but 
may be differentiated from the ion peaks of the A and B 
series as they are observed at m/z  ratios that are 
equivalent to the mass of the cation plus a number of 
repeat units of the poly(alkyl methacrylate) polymer. 
Furthermore, the sum of the mass-to-charge ratios of an 
ion from each of the A and B series plus that of a 
number of repeat units of the poly(alkyl methacrylate) 
polymer is equal to the mass-to-charge ratio of the 
precursor ion plus m/z  9. This may be represented as: 
m/z(precursor) = m/z(A)  + m/z(B)  + M(P)n - 9 
where m/z(precursor) is the mass-to-charge ratio of the 
precursor ion, m/z(A)  and m/z(B)  are the mass-to- 
charge ratios of any ion from the A and B series, 
respectively, and M(P) is the mass of the repeat unit of 
the poly(alkyl methacrylate) polymer. 
The mass-to-charge ratios of these two series of 
peaks may also be predicted for other poly(alkyl 
methacrylate)s on the basis of the results obtained. It is 
proposed that these mass-to-charge ratios would be 
[M(R") + M(P)n + [M(P) - 14] + Na) and (M(R') + 
M(P)n + Na], where Na is the mass of the sodium ion 
(Na +) and M(R") and M(R')  are the masses of the end 
groups of a poly(alkyl methacrylate) polymer (1) with a 
repeat unit mass of M(P) and end groups R" and R', 
respectively. 
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Knowledge of the end groups of poly(alkyl  meth- 
acrylate)s is very important  o po lymer  chemists. The 
end groups are a key feature in def ining the propert ies 
of the polymer.  The technique of MALDI-CID should, 
therefore, be a useful analytical tool as it enables the 
masses of indiv idual  end groups to be inferred from the 
data. The combined masses of the end groups may only 
be obtained from MALDI-TOF spectra of poly(alkyl  
methacrylate)s. It should also be possible to dist inguish 
between random and block copolymers of poly(alkyl  
methacrylate)s by means of MALDI-CID, by the vari-  
ance in the mass-to-charge ratios of the ions that are 
formed by rearrangement processes (namely, the mass- 
to-charge ratios of the peaks corresponding to those 
labeled C, D, E, and F in the data shown above). 
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